Several authors have discussed the theoretical aspects of using the techniques of hydraulic fracturing to determine the state of stress within the Earth. Few, however, have attempted systematic hydraulic fracturing for the specific purpose of determining the regional stress field. Using specially designed equipment, the state of stress was determined on a regional scale in the Piceance Oil Shale Basin of northwest Colorado. Structurally, the area is a simple basin that has been subjected to normal faulting.
INTRODUCTION
Knowledge of the natural state of stress of the Earth's crust is fundamental to studies of tectonic strain as well as deformations resulting from man's activities. Stress measurements can be made more or less routinely on outcrops; however, in comparison, the problems of determining the magnitude and direction of the stress tensor beneath the surface, in openings smaller than mines, are compounded. This paper presents the results of a field investigation of regional in situ stress; boreholes extending to 460 m in the northern part of the Piceance Basin in northwest Colorado were used.
BACKGROUND
Hydraulic fracturing as a technique for oil-well stimulation was introduced by Clark (1949) . It was commonly assumed during the early stages of the utilization of this technique that the fractures created were parallel to the bedding planes. Hubbert and Willis (1957) questioned this assumption in their paper on the mechanics of hydraulic fracturing. It was readily apparent from their discussion and from later work by Scheidegger (1960 Scheidegger ( , 1962 , Kehle (1964) , and Fairhurst (1964) that the in situ state of stress could be determined from a hydraulic fracturing experiment provided that (1) the fracture was made in an interval of intact rock, (2) pressures were accurately recorded during fracturing, (3) the orientation of the fracture created was determined, and (4) the fluid pressure within the rock was known.
Since the late 1940s, hydraulic fracturing has become a common technique for oil-well stimulation. The total number of wells hydraulically fractured is not known but is undoubtedly very large; however, only a small handful have been made for the explicit purpose of determining the state of stress. This dearth is attributable, in part, to the cost involved. Until recently it wlas necessary either to obtain a core of the interval to be fractured or to make a "trip" for each interval of interest to obtain a prehydrofracture impression in order to determine that the interval was fracture free. Once this had been established, fracturing was done utilizing conventional oil-field packers, which until recently required a trip into and out of the hole for each fracture. Finally, the orientation of the fractures was determined with an impression packer, which required another trip into the hole for each fracture. Thus, the "conventional" method generally requires (1) either a carefully taken core of the intended fracture interval or a prefracture impression of each interval, (2) usually, a trip into and out of a hole to fracture each interval, and (3) a third trip for each fractured interval to obtain an oriented impression of the fracture -a time-consuming, expensive experiment.
In the interest of time, and possibly cost, we attempted to modernize the operation to facilitate a large number of tests on a regional scale. This was accomplished by (1) utilizing a borehole televiewer, an acoustic logging device, to detect pre-existing and induced fractures, (2) improving the packer design to permit repeated inflation and deflation without coming out of the hole to redress the tools, and (3) utilizing electronic pressure transducers to sense the pressure in the fractured interval as well as to detect leakage around the packers.
THEORY
Stresses on an elastic solid can be described by three mutually perpendicular stress vectors, commonly referred to as the three principal stresses. In a hydrostatic (lithostatic) setting, all three principal stresses are equal to one another; this is the pressure of the overburden and can be expressed as <r l = o-2 = <r 3 , where cr^ cr 2 , and cr 3 are the maximum, intermediate, and minimum principal effective stresses, respectively. (Convention dictates that compresGcological Society of America Bulletin, v. 87, p. 250-258, 17 figs., February 1976, Doc. no. 60211. 250 31! sive stresses be regarded as positive.) However, as indicated by fractures, joints, and faults, a strictly hydrostatic state rarely prevails, although in a relaxed area it may be close, as shown by Friedman and Heard (1974) . Figure 1 , utilizing a stress element, presents the relationship of the principal stresses. On the planes of the principal stresses, depicted by the surfaces of the element, shear stresses are nonexistent. Because shear stresses cannot exist along the air-rock interface, it follows that one of the principal stresses is perpendicular to the land surface. Therefore, near the surface, in areas of relatively gentle topography, one of the principal stresses will be approximately vertical everywhere, with the other two approximately horizontal. At sufficient depths in tectonically relaxed areas -areas characterized by normal faulting -the greatest principal compressive stress (cr,) is commonly vertical. Given these conditions, and assuming it were possible to apply fluid pressure locally in the subsurface without the necessity of a borehole, the pressure needed to produce a hydraulic fracture, using a "nonpenetrating" fluid, would be slightly in excess of the least principal stress (cr 3 ) plus the tensile strength of the rock. When the least principal stress is horizontal, the induced-fracture orientation should be vertical, perpendicular to the least principal stress, as shown in Figure 1 . The drilling of a well permits stress-field distortion to occur at the well-bore face (Fig. 2) . The effects of this distortion may influence the observed breakdown pressure. (For a full discussion on the calculation of the distortion and its effects, see Hubbert and Willis, 1957.) Figure 2, A (taken from Hubbert and Willis, 1957) presents the stress state at the borehole when a-B lar A = 1.4, where <T A and <T B are the two principal horizontal compressive stresses. Superposing a fluid pressure AP = l.6a A (Fig. 2, B) , the resultant (Fig. 2, C) is that the circumferential stress at the well reduces to zero along one plane. Provided the rock has no tensile strength, slight additional pressure will cause a fracture. Once the fracture has extended more than two or three borehole radii, the pressure necessary to propagate the fracture is slightly in excess of the least principal stress, <r 3 . This pressure is just sufficient to overcome the sum of (1) the least principal stress, cr 3 , (2) the pressure losses due to the friction of the flowing fluid, and (3) a small increment of pressure necessary to propagate the fracture. Once injection has ceased, the pressure very rapidly decays to the "instantaneous" shut-in pressure, which is that pressure just sufficient to hold the fracture open, a pressure equal to the least principal stress, cr 3 .
The mathematical theory of hydraulic fracturing, using a nonpenetrating fluid in a tectonically relaxed area having reasonably gentle topography, where it can be assumed that the maximum principal stress is vertical and collinear with the axis of the borehole, has been given by Hubbert and Willis (1957) . Considering the distortion in the stress field caused by the borehole (Fig. 2) , they suggested that at the well-bore face a fracture would be initiated at a fluid pressure
where P /, is the breakdown pressure at which the fracture is initiated, cr 2 is the maximum principal horizontal stress, normal to the borehole, o-3 is the least principal horizontal stress, normal to the borehole, t 0 is the tensile strength of the rock, and P/is the static pore pressure. As Hubbert and Willis pointed out, the fracture plane will be normal to the direction of least principal stress unless zones of weakness exist at reasonably small angles to the preferred fracture plane. Given the assumed conditions, except for very shallow depths at which the overburden stress is the least principal stress, this plane should be approximately vertical. During the first cycle of pumping into an initially intact interval of rock, the rock must be broken. In theory, the difference in breakdown pressure between the first and later cycles of pumping is equal to the tensile strength, t". It has been shown that the breakdown pressure, under certain circumstances, may be rate dependent and affected by induced permeability changes (Haimson, -Breakdown Pressure ;••) TIME - 1968; Roegiers, 1974 Roegiers, , 1975 ; however, given the low permeability of the zones chosen for fracture, coupled with the relatively high injection capacity of the pump used, the application of stress was for all practical purposes instantaneous. The effect of tensile strength is shown by the difference in the breakdown pressure between the first and later cycles of pumping shown in Figure 3 . We propose that the tensile strength determined from the field fracturing data eliminates some of the ambiguities encountered in laboratory tests for this property (Hubbert and Willis, 1957; Raleigh and others, 1972) .
Some of our tests did not show any difference in breakdown pressure between the first and later cycles of pumping, suggesting that pre-existing joints or fractures were being opened. The pressure record of one of these tests is shown in Figure 4 .
To summarize, our experimental approach yielded (1) the least principal stress, cr 3 , from the instantaneous shut-in pressure, (2) the apparent tensile strength of the rock, t m from the difference in breakdown pressure between the first and later cycles of pumping, and (3) the breakdown pressure, P;,. Usually, the fluid pressure, P f , was known from either a pressure measurement or the height of the free-standing fluid column in the hole. From equation 1, it is obvious that given the above data, the maximum principal horizontal stress can be computed. This theory, as mentioned earlier, is based upon one principal component being approximately collinear with the borehole and vertical. Close to the Earth's surface, this appears to be a reasonable assumption. If the assumption is correct, the fractures created in the zone where the least principal stress is horizontal should be nearly vertical -a check on the theory. Assuming then that the maximum principal stress is vertical and equal to the overburden, data from the fracturing experiment yield the magnitude of the other two stresses, and if the orientation and strike of the induced fracture is also determined, the stress state in the vicinity of the well bore can be described.
FIELD STRESS DETERMINATIONS
Geologic Setting A summary of the geology of the Green River Formation and the oil-shale resources of the Piceance Basin were given by Donnell (1961) . The basic framework for the ground-water hydrology of the Piceance Basin was described by Coffin and others (197}) Coffin's report was based on field investigations done several yean earlier, and although further test drilling has added new data, the basic concepts remain valid. The U.S. Geological Survey has completed a two-year study designed to refine the understanding of the oil-shale hydrology. This investigation provided the physical op. portunity to determine the in situ state of stress within the basin The Piceance Creek Basin is a large structural downwarp i n northwest Colorado. The sedimentary strata of the Eocene Green River Formation dip gently toward the center of this basin. The project area is in the north-central part of the basin, where the sedimentary sequence is approximately 6,000 m thick. The structural simplicity of the basin is illustrated in Figure 5 .
The Cretaceous and younger rocks compose approximately 5,000 m of the sequence. The Upper Cretaceous Mancos Formation consists of shale with very low permeability (almost impermeable). The Upper Cretaceous Mesaverde Group and the Tertiary Fort Union and Wasatch Formations consist of shale and lenticular sandstone. The lenticular sandstone has low permeability and contains large volumes of gas.
The Green River Formation of Eocene age rests conformably on the Wasatch Formation, crops out in nearly vertical cliffs over most of the basin (Fig. 6) , and is overlain by the Uinta Formation. The formation is divided into four members, in ascending order:Garden Gulch, which intertongues with and is equivalent to the Douglas Creek and Anvil Points to the east, and the overlying Parachute Creek.
The Garden Gulch, Douglas Creek, and Anvil Points Members are composed of marlstone, shale, and sandstone. The Parachute Creek Member overlies the Garden Gulch and Anvil Points Members to the east and is composed principally of kerogen-rich shale and marlstone containing sodium minerals. Most of our testing was conducted in this member. The member can be divided into four zones, on the basis of differences jn both geologic and hydrologic character; in ascending order, they are (1) high-resistivity or saline zone, (2) low-resistivity or leached zone, (3) Mahogany zone, and (4) upper Parachute Creek zone. These zones can be correlated throughout the central part of the basin on the basis of their mineralogy as well as their characteristic signature on electric logs.
The Parachute Creek Member is overlain by the lower part of the Uinta Formation, an alternating sequence of shale, siltstone, and some fine-grained sandstone. The Uinta forms the caprock throughout most of the basin.
TIME-
Alluvium of Quaternary age contains sand, gravel, and clay and partly fills the stream valleys of Piceance, Black Sulphur, and many of the other smaller creeks of the area.
Experimental Procedure
We intended to attempt to speed the operation of conventional state-of-stress determinations utilizing hydrofracturing by taking advantage of the acoustic televiewer and by improving the packer design so that multiple fractures could be made during one trip into and out of the hole. Acoustic Televiewer. The acoustic televiewer is a logging device that reflects a sonic signal from the face of the borehole (Zemanek and others, 1969) . The acoustic transducer transmits and receives 1,700 pps and is rotated at 3 rps. The amplitude of the reflected signal is used to modulate the brightness of an oscilloscope trace. The horizontal position of the trace on the oscilloscope is determined by the position of the sonde in the hole; each trace represents one complete sweep or revolution. Logging of the hole is accomplished by photographing the series of traces on the oscilloscope; the traces are displaced across the oscilloscope as the sonde is moved up the hole. Figure 7 , A is an isometric drawing of the intersection of a planar feature, such as a fracture, and the cylindrical well bore. Figure 7 , B illustrates the appearance of the fracture on a plane, such as the photographic record from the televiewer. The dip angle 6 can be calculated from the height of the sinusoid h, and the hole diameter, d:
The actual photograph of a composite series of sweeps resembles a television picture of the borehole, as shown in Figure 8 . Because the acoustic system operates on sonic frequencies, which can be transmitted reasonable distances, it will function in holes filled with mud, oil, or water; however, gas bubbles in the fluid present difficulties. It has been tested in wells as much as 50 cm in diameter filled with drilling mud or water. The tool is usable to depths of 4,500 m of water and temperatures up to 250°C. The triggering of each sweep is done using a fluxgate magnetometer, with each sweep started when the transducer is oriented toward magnetic north, which is then at the edges of the resulting photograph. This provides orientation for the features observed in the borehole. Because the device depends upon the reflection of the signal from the borehole, eccentricities and out-of-round holes produce dark vertical areas in televiewer pictures. By adjusting the gain and the gate settings, the operator can "look into" out-ofround sections, solution openings, fractures, and other features in the borehole. A typical televiewer result is shown in Figure 8 ; a series of oscilloscope pictures at different gain settings show progressive views into a solution opening. To take full advantage of the capabilities of this tool, an experienced operator is required.
Hydraulic Fracturing. A number of modifications were made in the conventional packers in an effort to speed up fracturing operations. (A full description of the tool string is available from E. Shuter and R. Pemberton, U.S. Geological Survey.) The packers were modified so that they could be individually inflated with high-pressure gas (for convenience reasons, nitrogen was used) from the surface. This required two high-pressure nylon lines connected to the packers and tied outside the drill pipe, as shown in Figure 9 .
Three electronic pressure transducers were also mounted on drill pipe and carried downhole. Monitoring pressure above, below, and in the packed-off interval allowed us to observe if the packers were being bypassed during fracturing. During the experiment, a build- 
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up in pressure either above the upper packer or below the lower packer indicated communication around the packer, necessitr*" corrective measures -usually higher inflation pressures or i tioning in the borehole.
Once the packers were positioned in the hole arthe proper c the procedure was to (1) inflate the packers to a pressure apm ately 7 x 10 5 N/m 2 (100 psi) above the expected breakdown preT sure, (2) run a slug test (Cooper and others, 1967; Papadopuloi and others (1973) to determine approximately the permeability O f the interval to be fractured, (3) hydraulically fracture with water cycling through at least three cycles of pumping and decay, using* positive-displacement mud pump capable of delivering 1.9 to it I/sec (30 to 40 gal/min) with a maximum surface line pressure of 1.4 x W N/m 2 (2,000 psi), and (4) prop the fracture by pumping in'j fixed quantity of suspended propping material (finely ground h> cite) followed by a metered amount of clear water just sufficient to displace that material.
Lucite, ground to fine-sand size, was chosen as a prop rather than sand. The specific gravity of the lucite was slightly less than 1.0, thus minimizing many of the problems encountered using sand. Johnson "revert" mud, an organic mud, was used to form a gel with the ground lucite, allowing us to maintain the lucite in suspension. p|pfc^^*^» "^^ map based on aerial photographs (Welder, 1971) . Rosette diagram of hydraulic fractures is plotted in 10° increments, with questionable data Figure 13 . Branching fracture system created by hydraulic fracturing, shown as broken bars. Each concentric ring represents one fracture. Heavy (Two photographs represent different gain settings.) lines are normal faults.
Field Observations. Sections of intact rock were identified by televiewer logging of pre-existing holes, which had been drilled with air and left uncased, except for surface casing. Figure 10 shows locations of the wells where stress measurements were conducted. Our experience in eight holes in the Piceance Basin suggests that less than 5 percent of the drilled section was free of detectable fractures or solution openings. Each hole was logged a second time after fracturing to determine the strike and orientation of the fractures. Because of the relative ease with which fractures could be propped, most were propped; however, one series of tests indicated the fractures were readily detectable without propping. Even so, only approximately 50 percent were clearly distinguishable with the televiewer. No attempt was made to use impression packers to take an imprint of fractures.
In future tests, both the impression packer and televiewer will be used in an effort to compare results. Theoretically, inflating an impression packer could result in a reopening of an induced fracture, facilitating detection. Figures 11 and 12 show the borehole before and after fracturing. The detectable fractures are quite distinct, although several different gain settings are required to delineate the complete fracture in an out-of-round hole. In several instances, a branching fracture system was produced; one of these is shown in Figure 13 . Table 1 summarizes the data from our fracturing experiments in seven different holes in the northern part of the Piceance Basin (Fig.  10) . Plots of principal horizontal stresses versus depth are presented in Figure 14 for the six holes in which more than one fracture was made. For convenience a 1-psi/ft (7 x 10 3 N/m 2 ) line is drawn to approximate the total weight of the overburden. Because the least principal stress is observed directly and is not dependent upon the tensile-strength determination, it is the most reliable. Except for shallow depths (less than 120 m), the least principal stress was usually less than the assumed overburden stress but, except for two of the holes, increased almost linearly with depth, indicating near-hydrostatic conditions. Also as shown, for a large percentage of the determinations, cr?, the calculated maximum principal horizontal stress, is very near to or less than the assumed overburden stress, reenforcing our earlier hypothesis that the Figure 17 . Stress direction measurements at Rangely, Colorado, 50 km west of area investigated in Piceance Basin (after Raleigh and others, 1972 Several of the hydraulic fractures at shallow depths (less than 120 m) are probably horizontal, because the observed least principal stress was greater than the assumed weight of the overburden. Interestingly, none of them was observed by the televiewer. Because of the horizontal scanning of the device, resolution of a fine horizontal feature is not as good as that of a feature that intersects many scan lines. Below 120 m all of the detectable fractures were within 12° of the vertical.
RESULTS
The magnitude differences in the horizontal stresses, as shown in Figure 14 are usually not large. This would also suggest that the stresses are nearly hydrostatic.
The strike of the fractures is compared in Figure 15 with a fracture map of the basin based on aerial photographs (Welder, 1971) . A N70°W strike is prominent in the hydraulic fracturing data; this is parallel to a strong trend in the surface fracture pattern.
The strike of the hydraulic fractures is compared to the regional structural pattern of the basin in Figure 16 . The fractures are approximately parallel to trends of features and to the system of normal faults in the central part of the basin, as Hubbert and Willis (1957) suggested they should be.
Stresses have also been measured at Rangely, Colorado, as part of a study to control earthquakes in the Rangely oil field (Raleigh and others, 1972) . Figure 17 shows the orientation of stresses at Rangely as (1) measured at three places at the surface, (2) measured in one hydraulic fracturing experiment, and (3) determined from focal-plane solutions from a series of earthquakes. The general orientation of stresses agrees quite well with that seen in the Piceance Basin about 50 km to the east.
CONCLUSIONS
Perhaps not surprisingly, our results generally confirm the conclusions of Hubbert and Willis (1957) .
At depths less than 120 m, no hydraulic fractures were detectable; however, the data suggest that fractures above this depth were approximately horizontal. Below 120 m, all the detectable hydraulic fractures were essentially vertical. The stress magnitudes, especially the least principal stress, show a reasonably linear relationship with depth; the differences in principal-stress magnitudes are generally small. These factors indicate a tectonically relaxed state probably not too far removed from hydrostatic conditions; this is consistent with the surface expression of minor normal faults. The prominent strike of the induced vertical fractures is consistent with the regional structure, the normal faulting, and the strike of the surface fractures. The results give us confidence that hydraulic fracturing experiments provide meaningful measurements of the tectonic state of stress. This type of precautionary testing is indicated for planned underground injection sites (Wolff and others, 1975) . 
